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EXECJTIVE SUMMARY

The objective of this project was to provide the US Environmental
Protection Agency (EPA) data necessary for nationwide approval of the
FACTS test procedure for determining free available chlorine for "National
Interim Primary Drinking Water Regulations" (NIPDWR) compliance
monitoring. Based on the minimn requirement for NIPDWR nationwide
approval comparability testing, a detailed protocol was developed and
testing conducted.

In all, 16 water treatment plants cooperated in the equivalency
testing. Ten compared the FACTS test to the DPD, and six compared the
FACTS test to the amperometric titration. The range of concentrations
obtained for the FACTS and DPD comparison was from 0.4 to 2.3 mg/L as
C12 ; the range for the FACTS and amperametric titration comparison was
from 0.55 to 2.7 mg/L as C12. At most treatment plants a
prechlorination and postchlorination site were used in the testing.

Sixty samples were analyzed at each plant, yielding 192 data points
per plant. Forty-eight of these samples were paired comparisons of the
FACTS with either the DPD or amperometric titration. The paired
comparisons were randomly assigned to two operators, at two sites (where
possible) for each plant. For the remaining twelve samples, six for each
operator, four replicate analyses were run using each method.

The data summary for the comparison between FACTS and DPD is shown in
Figure 1 and in for the comparison between the FACTS and amperometric
titration in Figure 2.

No statistical difference was observed in the analysis of the summary
data. Results are summarized in the report for the individual water
treatment plants. The report details the results for the comparison of
FACTS and DPD, and of FACTS and amperometric titration.

As a result of these tests the EPA has approved the FACTS test
procedure for compliance monitoring of free available chlorine at water
treatment plants.

-M It is recommended that the US Army review the requirements for a free
available chlorine test for field use. Consideration should be given to

:N. adopting the FACTS test procedure for field Army use, because of its
superior specificity for free chlorine, its equivalency to the presently
used DPD test, and its availability in test kit form.

In addition to the protocol development and equivalency testing of
the FACTS test procedure, a study was conducted to compare several
instrumental methods for determining chlorine in drinking water. It was

Nconcluded that the total chlorine analyzer was analyst independent and is
capable of monitoring chlorine continuously. This has potential
applications in water purification units where chlorine is added as the
disinfectant and can be used to monitor and control chlorine.
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,,,-INTRO)DUCTION

Chlorine is used in water and wastewater treatment for various
purposes. Of these uses, the most common are taste and odor control,
color removal, and disinfection in drinking water, and disinfection in
wastewater treatment.

There are numerous methods for determining chlorine residuals in
aqueous solutions (1,2). Briefly, these include the iodometric titration,
amperametric titration, and several colorimetric procedures. The
iodometric titration is limited to total residuals above I mg/L as C12 .
The anperometric titration is capable of differentiating free chlorine
(HOCl/OCI-), monochloramine (NH Cl), and dichloramine (NHC1 2 ) and is
generally the method of choice in the laboratory. Field measurements are
limited by the complexity of the instrumentation. The colorimetric
determinations, which find application in both the laboratory and the

".1 field are the DPD (N,N-diethyl-o:-phenylenediamine), LCV (leuco crystal
violet) and FACTS (free available chlorine test with syringaldazine)

.1. procedures.

More recently an electrode method has been published which was
reported to be selective for HOCI (3).

All test procedures used for National Interim Primary Drinking Water
Regulation (NIP[MR) compliance monitoring must be approved by the U.S.
Environmental Protection Agency (4). Collaborative testing of each
procedure is required for inclusion in Annual Book of Standards, Part 31,
Water, of American Society for Testing and Materials (ASTM) (2), and
Standard Methods for the Examination of Water and Wastewater (Standard
Methods) (1).

-"" The U.S. Army Medical Bioengineering Research and Development
Laboratory has been involved in the evaluation of chlorine residual test
procedures and the development of a colorimetric test for chlorine
residuals, FACTS, free available chlorine test with syringaldazine. It
has been shown that the FACTS test procedure is more specific for free
chlorine in the presence of common interferences, NH2Cl, NHC12'
Mn+4 and Fe+3 than is DPD (5-15). However, prior to this research
the FACTS procedure had not been approved by EPA for use in drinking water
and had never been subjected to an extensive collaborative comparison.

This report presents the results of the comparison of the FACTS test
procedure and the approved standard test, DPD. Data are also included
showing the comparison of the FACTS test procedure with amperometric
titration.

OBJECTIVES

1. To compare several instrumental methods for determining chlorine
residuals in drinking water.

d 2. To develop a detailed protocol for equivalency testing of iethods
for drinking water.

3. To obtain equivalency test data from a minimum of six water
treatment plants using the FACTS test kit procedure and
approved methods.

5



METHODS AND MATERIALS

The instrumental methods that were compared are described in detail
in Appendix A. A detailed discription of the methods and material used
in this study are provided in the Appendices. The main objective of
study was to cioare the FACTS test procedure, the FACTS® test kit was
the HI FACTS Test Kit for Measuring Free Available Chlorine, obtained
from Ames Division, Miles Laboratories, Inc., P.O. Box 70, Elkhart,
Indiana 46515. The DPD or amperometric procedure normally used at each
plant participating in this comparison served as the standard test
procedure.

RESULTS AND DISCUSSION

As a portion of our overall evaluation of chlorine test procedures,
several instrumental methods for determining chlorine residuals in
drinking water were evaluated. The results of this experimentation have
been published and are detailed in Appendix A (16).

A detailed research protocol was developed, which when followed
provides sufficient data for the comparison of analytical procedures for
determining free chlorine in aqueous samples. This protocol has been
published and is reproduce in Appendix B (17).

The experimental design (17) was tested using the FACTS, DPD and
amperometric test procedures. Ten water treatment laboratories part-
icipated in the comparison of the FACTS and DPD, and six laboratories
participated in the comparison of the FACTS and the amperometric
titration. The results have been published, Appendix C (18), and the
FACTS test has been approved as an alternate test procedure for
determining free chlorine, Appendix D.

A study has recently been reported that details the kinetics of
monochloramine oxidation of DPD (19) and confirms the previous studies

'*-- (5-13). From the kinetic expressions it was shown that the
monochloramine interference with the DPD test is dependent in pH,
monochloramine and DPD concentration. An average of 5.8 percent per
minute interference was calculated for the DPD colorimetric test as

- described in Standard Methods (1).

CONCLUSIONS

The objectives of this project were achieved. A detailed protocol
was developed that can be used for comparison testing of new water
quality test procedures. This test plan was designed to meet the minimum
requirements of the USEPA for equivalency testing of new methods for
compliance monitoring.

Subsequent to the protocol development, an extensive test of the
- FACTS test was conducted at 16 water treatment plants. From the results

of these tests it was shown that the FACTS test was equivalent to the DPD
test and the amperometric titration procedure. The test also demonstrat-
ed that the FACTS test kit procedure had precision equal to the DPD test
procedure.

6
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In conclusion the FACTS test has been shown to be equivalent to the
DPD test. The FACTS test procedure is more specific for free chlorine that
the DPD test presently authorized. Therefore, when chlorine is the only
treatment of wter prior to consumption, e.g. field Army operations, the
FACTS test for free chlorine is superior to the DPD test procedure.

RECOMMENDATIONS

1. An evaluation of the present Army standard procedure for determining
available chlorine for the field Army should be initiated.

2. The FACTS test procedure should be considered as a replacement for the
-:"' Army standard procedure for free available chlorine for field Army.
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APPENDIX A*

William J. Cooper
M.F. Mehran
R.A. Slifker

D.A. Sni th
J.T. Villate

P.H. Gibbs

COMPARISON OF SEVERAL INSTRUM1ENTAL METHODS
FOR DETERMINING CHLORINE RESIDUALS IN DRIN4KING WATER

Reprinted from JOURNAL AWWA, Vol. 74, No. 10
(October 1982), by permission.

Copyright0 1982, The American Water Works Association

*Note: This Appendix A includes Tables 1 -12.
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Comparison of several instrumental
methods for determining chlorine
residuals in drinking water

William J. Cooper, M.F. Mehran, R.A. Slifker, D.A. Smith, J.T. Viltate,
and P.H. Gibbs

The authors evluated four methods for determining chlorine residuals In water. Two = 1.0 mg L, then by substitution into and
menbrane electrod a poenlometc electrode, and a coninuous total chlorine rearrangement of Eq i. one can determine
aialyzer were used by analysts to measure les, or total chlorine In quality assurance the value of [OCI"]
samles and In tap water samples. Amperometric titration was used as a refere , 113 s 10

-
) 1.0

me t od. Thestatistical analysesof theevaluatIons e presented In this paper. Averge (33 = 1 t0""

= 0.33 mgL

Therefore, the free available chlorine is
The realization that the use of chlorine a IO-V power source. with the electrode [HOCI - OCI'I= 1.0 mg, L -0.33 mg L =

can produce halogenated organic corn- attached to the meter at all times to 1.33 mg.'L.
pounds in drinking water has emphasis maintain stability. Calibration was *Membrane electrode Bt
on research regarding the chlorination checked daily by preparing a solution of 1. Determine the pH of the sample.
process. -4 This increased emphasis has acetate buffered (pH 4) HOC. (The chlo- 2. Place 400 mL of the sample in a 600-
also resulted in additional studies of the rine solutions were prepared by diluting mL beaker.
analytical determination of active chlo- reagent grade sodium hypochlorite. The 3. Place the beaker on a magnetic
rine in aqueous solutions. Numerous buffer solution was prepared by diluting stirrer, and insert the electrode into the
methods for the determination of hypo- 148 g sodium acetate and 480 g acetic acid sample. making sure there are no bubbles
chlorous acid. hypochlorite ion, mono- to 1 L) The concentration of HOCI was on the membrane.
chloramine, dichloramine, and nitrogen determined by amperometric titration. 4. Take a reading on the appropriate
trichloride {HOCI. OCI'. NH2 CI. NHCI,. The specific operating directions for scale-0-1 or 0-5 mg Clz L.
and NCI3) have been presented in Ston- the membrane electrodes were as follows: 5. Calculate the actual free chlorine by
dord Methods' and evaluated else- 0 Membrane electrode A* using Eq 1.
where.6-1 New methods utilizing mem- 1. Determine the pH of the sample. Potensometic electrode. The potentio-
brane electrodes, which are reported to 2. Place 150 mL of the sample in a 180- metric electrode: can measure only total
differentiate between HOCI and OCl',' mL, tall form beaker. and place the beaker chlorine. The electrode was calibrated
have been developed. Potentiometric on a magnetic stirrer. (Shakethe electrode daily as follows:
electrodes'" and an automated ampero- to dislodge air bubbles when placing it in 1. Pipet 0.20.1.00.2.00, and 2.50 mL of
metric method' isalso may be used in the the test solution.) 0.00281N iodate standard into 100-mL
analysis of total residual chlorine. The 3. Lower the electrode into the sample volumetric flasks. (The standard was
objective of this study was to evaluate until it almost touches the bottom of the prepared by dissolving 1.005 g of potas-
two membrane electrodes, a potlntiomet- beaker, and turn on the stirrer (a stirring slum iodate and diluting it to I L.)
ric electrode. and a total chlorine analyzer bar is built into the electrode 2. Add 5 mL of an iodide solution (10
for determining chlorine residuals in 4. Take a reading on the appropriate percent potassium iodide [KIl) and 1 mL
water scale-0-1. 0-5, or 0-10 mg Cl L. of acetate buffer (pH 4) to each flask and

5. Calculate the actual free chlorine by to a flask containing no iodate (blankl
Experfimental proceest using the following equation: Swirl the flasks to mix the solutions, and
M Uembwane electrodes, Two membrane K, = let the solutions stand for 5 - 0.5 min.

amperometric electrodes. obtained from - [ 3 Dilute each standard to the 100-mL
different manufacturers, were tested. The IHOCIl mark. then mix and pour the solution into
manufacturers' operating instructions forwhichK,=2.0x 10atOCorK,=3.3 a 150-mL Erlenmeyer flask. These solu-
were followed. When not being used, the w 10-" at 200C. For example. for a tem-
electrodes were capped to protect the peratureof2oCandapHof7.0. then K.= "'f 41

' 
-,1 h

membrane.Themeterswereconnectedto 3.3 x 10-"and [H-] = I x 10"M. IfIHOCI] :0,, R ..... r, C. - ., ,1,

546 RESEARCH AND TECHNOLOGY 0003-1SOX/82/100546-07S02 00 JOURNAL AWWA
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at
tions are theequivalent of 0.20. 1.00,2.00.
and 2.50 mg CIzL.

TABLE t 4. Stireachsolutionat 30-60rpm with
Descriptive staistics of the test procedures used in analyzing the total chlorine content of a magnetic stirrer, immerse the electrode

quality assurance samples prepared with chlorine-demand-.free water into the solution, and read the millivolts
APeraitia TIiot Eleorad Total Citlania. Ananar (positive) after 30 s.

Armin o f XTotl C Ion5. To obtain a calibration curve plot
U ti so a 050) millivolts versus log chlorine concentra-

s . ..at 33 22 03 I ia 22 4
0 00 3 su, 2. 0 . sags a : i 42 oo n o0 0 1 tion (mg Clz L

]
.

2s a 22 220 010 it' 02 30 0002 5 i2 To determine the total chlorine content
4" 29 r uoi 25 It Zi o 2i0 22 23 0008 50 I It of the samples, the procedure was as

5T .. .. follow s:h .... itid.l d- ......

:15.,rula. standad da...o. 1. Add 5 mL of an iodide solution (10
4T , nu., ot ab.-nuao., percent.Ki and I mL of the acetate buffer

,pH 41 to a 100-mL volumetric flask.

2. Fill the volumetric flask to the mark
TABLE 2 with the sampl.

Summary of the calculated t-statistic. adtusted degrees of freedom, and value if the 95 3. Stopper the flask, and mix the
percent level I-distribution used for comparing data from Tobhl t sample and reagents by inverting the

N .! Ateeranetric rsraiorenus Arerrotn ainTira r Verausis PV. .iomec Eltrod. Ve.us flask five times. Let the solution stand for
Poi antrt EJ.roe Total Chiana. A-oiys.r Total Chloens Analy., 5 0.5 min.

1 1 4. Pour the solution into an Erletimeyer
Sseeia A01' Caloiutd C A O Caloulutad copari SOP Calisi Cantson flask, and stir at 30-60 rpm with a mag-

I N D 1 ,3 NI I IV 21 .... C netic stirrer. Immerse the electrode into
- NO - 3 c. 2 2o7 2,8 %a 0 0 the solution, and read the millivolts

No 8 NC . 524 2. NO aa : c (positive) after30s.NC- 25N2026 274 111 aS 5. Read the concentration from ther .~~5sas~n iilcanoc is =ndcasd wis1entaecuoasd 12-i5tr 5hl. 8s eiltrJthnihP d oe .bladf mt h I-dait Ibuofl calibration curve.
,i 12, appropnnte dnira. of rm i comp lb tocrtsoal

2'2,7 dre deas I.. of reeo Coninou total chlrone anayiw The
:ot manufacturer's operating procedures,o I¢ ~H o comparisono- r1 stg ~ ue n 1a1cul-d' .-S.lS. e$=at, 0a '"J te fedo. =

=nn, sn"n.-d ho rwere followed. The instrument was zeroed
and then calibrated by depressing the

appropriate range button and adjusting a
TABLE 3 multiturn potentiometer to give the ap-

Summary of single analyst statistics and relative standard deviation for test procedures propriate value.
used in analyzing quality assurance samples prepared with chlorne-demand-free water Samples were poured into 400-mL

beakers. After the instrument was cal-
I Amparamuinc Tirator I Pteni.-noercileaI Tolii Chlorne.-na-er Ibrated, the samples were analyzed for

-- ample knulyai f st RiSOt ; I -7 RSO0 RS0 their total chlorine content. Readings
a OO i 31 042 0 o ls2 s so weretaken fromthedigital displayof the

2 40 a 042 0 5 042 3002 0
42 1 111 02 5 ,2! 1 1 1 ... 0. n analyzer.

a 00 0 i 335 os 5 o 042 Os 3 4
Z 1 sea oso j 00o a a 042 9 0o, 04 Experimental designos 0 oz 9Z 000 ooZ09 o a 0.4 a 001 022 092 : 00 25 1 01 , 0 0 004 - 00202 Two different types of water sam-

r 1 no2 a..s oo35 4 0 0 00In 0. pIes-quality assurance samples and tap
I us4 0038 20 1 OSZ 00 32
2 2, uoia as 2s ousa .222 ne os water samples-were used to test the

1 226 0021 I 7 - 0,0 0 2 1 a003 o02 procedures. Quality assurance samples
- it , 0012 0: 20 0582 s 1 0 3 22 were obtained from the US Environmental

* 'a ooa 0o o 'iisl 002 M 6 224 004 03
- 1 0 a Protection Agency. Fourof these samples
2 --s -o s 2 22 tiS ' ~0 , 00008 IN.00 (8 mL diluted to I L with chlorne-de-

on22 1 i 04 004 40 23 30000 iOO mand-free waterl were tested. Tap water
Oreeso 20 2' 02 z samples were obtained after allowi ng the

Th.,andarodd1i-on water to run 5-10 mm. Four lap water
:T, -,a-l-e ndad e'aon samples were tested.

For each sample, there were four an-

alysts and four test procedures. Analysts

TABLE4were randomly assigned test procedures.TABLE 4 and samples were presented hiind. Each

Descrpiive statistics of test proc-dures used in analyzIng the free chlorine content samples bren prse 'olo f Ets
of tsp water samples sample was broken don into four sets.

one for each anai, st-procedure combina-
tN- eroner1 Membrane Sn-,-r1rt"..ii,,e tion. For each set tested, the analyst was

P 'npnomert l, ,orn I E,,nr, S, p 2..o..e instructed to run trIplicates. Therefore.

Sainein SO. os: '4 1.0 0 -o 7 2 R SD the total number of observations for any
205 00 26 11 0, 3- 1 10 43 ' 1 one sample was 48 04 24 5 3=48

- o 00 1 4 2: ,2 -2 02 0 2 i- 00- I n 1 The referee method was amperometri:
S08, ,2 : . 1 trution For this method an automatic

S"Te mean titrdtur" . used. Fur each sa sple set.
t e ,a,.nt'.etar i teour n ir!tate analyses were performed.: ... .. .o d.,1 4- -.too

T- -. 1,,-2 ... .. ... .
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isons of the results from the amperometric very similar to those obtained by the
Resuta and dlcuwion tktrator with those from the potentiomet- referee method (Table t I.

Statlletal analysis. A total oi eight sam- rc; electrode showed that no statistical Over the entire range of chlorine con-
ples was used. Each sample was analyzed difference existed between the means of centrations tested, no differences in pre-
in a similar manner. For each test proce- the samples at the 95 percent level of cision were evident from the results ob-
dure-sample combination, there were 12 confidence (Table 21. The precision of all tained with the total chlorine analyzer

triplicates. Onl, one analyst used the electrode was significantly less (greater of the analyst who performed the proce-
referee procedure-amperometrc titra- spread than the precision of the one dure.
tion. For all of the procedures. descriptive analyst who used the amperometric ti- Tap water amples. Precision of all an-
statistics-mean. R. and standard devia- trator. This was not unexpected because alsts. Four samples of tap water were
Iion. s-were obtained. For the statistical an individual analyst's precision is gen- used. Each analyst obtained triplicate
tests, independence of all measurements erally better than the precision ofagroup results for each of the four procedures
was assumed. ( If the three measurements of analysts. Because the tap water contained bot h free
obtained by each analyst for each sample The mean of the results obtained with and combined chlorine, different compar-
cannot be assumed to be independently the amperometric titrator was lower than isons were obtained. The comparisons of
obtained %alues !hen the triplicates that obtained with the total chlorine the free chlorine reading obtained b%
should be a% eraced and he average value analyzer. This difference was statistically using the amperometric titrator with
should be used in the statistical analysis.) significant at the 95 percent level of those from the two membrane electrodes
The sample means were compared quan- confidence for all samples (Table 2). are shown in Table 4.
titatively by computing the t-statistic: However, the means were never different The results indicate gocd agreement

. . -i. by more than 0.06 mg C1,2 L. The precision between the means of the values obtained
I of all analysts who used the total chlorine from the two membrane electrodes no

12l analyzer was better than the precision of statistical difference was detected at the
Sone analyst who used the amperometric 95 percent level of confidence except for

where . and i, represent the means of titrator. Because the precision obtained sample 5 (Table 5). in every case. the
the samples of interest. s:' and s,- were with both test procedures was good. relative precision was better with mern-
the variances of the respective samples. statistical differences were observed with brane electrode A than with membrane

C andn.andnwerethenumberofobserva- very small absolute differences in the two electrode B. This may be related to the
tions. i.e.. measurements, for each sample. means. i.e.. samples 1. 2, and 3. Even in small size of meter B on which readings
Homogeneous variances between samples sample 4 (see Table 11 there was only a were taken, resulting in less accurate

.1' were assumed for the computation and difference of 0.06 mg Cl, L in the means, interpolation between numbers. Surpris-
comparison of the i-statistic forany given Once detected, this difference was ex- ingly. these results obtained from the
level of significance and any number of amined to determine whether it was membrane electrodes are low compared
degrees of freedom. The results from acceptable. In most water treatment with those obtained from the amperomet-
these experiments indicated that there plants, a difference of 0.06 mg Cl, L will ric titrator. This point will be discussed
was considerable variability among not be significant, and therefore the further under the discussion of active
variances of the procedures, i.e.. hetero- difference is acceptable. chlorine speciation.
geneity. Therefore. the number of the A comparison of the results obtained Table 6 summarizes the data for the
adjusted degrees of freedom (ADF) for with the potentiometric electrode and measurements of total chlorine in the tap
the t-statistic was computed for each those obtained with the total chlorine watersamples. Whentheresultsfromthe
comparison of interest by using the analyzer showed no statistically signif- amperometric titrator were compared
Satterthwaite approximation: icant differences at the 95 percent level of with those from the potentiometric elec-

"" "confidence in samples 1. 2. and 3 (Table trode, there was no statistical difference
ADF = (3 2). Sample 4 appeared to be statistically for sample 6 at the 95 percent level of

- different with i = 1.21 for the potentio- confidence (Table 71. In every sample.
n. - I metric electrode and i = 1.35 for the total except sample 7. the relative precision

where v=s:- n.w=sn. u =v w. and chlorine analyzer. was less with the amperometric Ittrator
- n = the number of observations. Precision of individual analysts. Each than that with the electrode. Again. it

The Bonferroni procedure was used to sample was divided into four subsamples. should be pointed out that only one
adjust for multiple comparisons." This Each analyst received a subsample for analyst used the amperometric titrator.
procedure determines the level of signif- use in testing each procedure. Triplicate whereas four analysts used the potentio-
tcance for each pairwise comparison by analyses were performed. and the preci- metric electrode.
dividing the overall a level by the number sion of an individual analyst was deter- A statistical difference at the 95 percent
of comparisons made on each sample. mined by using the relative standard level of confidence was obtained for all
Therefore. for comparisons of three sam- deviation (the standard deviation was samples except sample 8 when measure,
pie means at the overall 95 percent divided by the mean and then multiplied ments from the amperometric tfitrator

, confidence level, the I-statistic chosen for by 100). The data are summarized in were compared with those from the total
each pairwise comparison is thgt of a = Table 3. chlorine analyzer. Statistically different

, 0.017 and the appropriate number of It appears fron, the data that an means were obtained with these two
-, adjusted degrees of freedom. Several individual analyst's precision with the methods. This was also the case with the

- examples of the statistical calculations potentiometric electrode was best when quality assurance samples. The spread
are included in the appendix. measuring low chlorine levels [<1.0 mg was somewhat larger between the means

mttyOusif haune. Precision of all on- Cl2, L). In comparingthe meansofsamples (except for sample 81. but in no case %as
alysts A summary of the data obtained I and 2 obtained by each analyst, it the difference greater than the 0.08 mg

oi for the four quality assurance samples is appears that in both cases, analyst 4 CI.'L. which was observed in sample "
* - provided inTable t. Thesesamples were obtained low results. If the results oh- This difference represents an absolute

unbuffered, and the membrane-co'ered tained fur samples i and - hY analyst 4 difference of 7.2 percent from the mean
amperometmr-. elke. t-ides did not iuo..tion were eliminated, then the overall precision concentration determined by amperomet-
properly. These samples should be buf- of the procedure would be increased. The ric titration. The differences in samples S
fered to obtain standard dat .l Compar- overall means of samples 1 and 2 were and 6 were 4.5 percent and 3.6 percent
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TABLES
Summary of the calculated t-staitiic.

adjusted degrees of freedom, and value of the
95 percent level t-distribution used for

comparison of data from Table 4 TABLES

*1pp-e-na Me.bv-e £i..d. A V-nas Descriptive statistws of the tesl procedures for determining the total chlorine content
A.,e r,, Mesh.... Ekc.vrs. G of tap water samples

Ad-dIAmpio.urn Toiii P-.1 - inid. T,11Chion. .i..

Saispi. Fa-de C.iui..d Coepewa. S..Pw . .1 AS 090 It e S I5 n I AS Is
s 442 Oil 5 lit 0034 t0 10 It1O?0t2 04 it 2 12? 0422, 1.4 4 0 N 2?ae 2 i itulorP I] oo it iz o:tZ1o9 2

NO on ND 01t12 oe i* t 03 001 4 12 200 St 1,2 2
.0N. 22 :21 NDo4 0 024 N it 56 .0'S41 1 iit irOOJOIOO

:Nni inmioed. ioa -05p0ii05 .ii-ie- p-.a- -Th. sea
.. ,aci~e -1-1-4 ! ~ I..0 . .01 .i 22 Oss"a .i :Tho .drtdeis
'redo f i g a,6-o ta d thertof. no c ul-ioio - 1- . rTWI,e .i.sdad d41i-

TABLE 7
Summary of the calculated t-statistic. adiusted degrees of freedom, and value of the 95 percent level t-distribution used

for comparison of data from Table 6
AmpomisM Tntn ir Vorn- C ~ma Aeo-rinc Tiirslt V-.1.0 voun,.um.,r, Ecirod . veue

ft--hisnc 1t.i- Tot.I Chi.os. A.MWys- I Tot., Cho-h, Anaiy..r
4.. I i I

Somnie ADF- C~aii aP.-o AOF- C.iauiaiodf Coe.n11- AOP- C, io..a mp.r-ao

-N D I 1 N0 14 442 2 ?4 % D44 %

6 D 13 N0 tO 461 D ' as %O
NO N 2 40 3ND %a

0 NO3 NO Zi J Jo NO N D 19 I D

Adiusid d.11- of freedomW 'Not d.enrined 0 a y oi..na ne nouoaflaeo ia tdicUi4aie heiusid desree 0tf re~dom Ttio i-diltrlbutitnn oloU hti... ponIIhie 2' '22,4 o'pnrlmtt 4 '20.oese5oi irm.,t,m

omort. .Zhr t T si.s. StherWo A a ....i U.2eIerihon 2 r55 statll a if saiian, daeresCiat 1hs vertenl i 0 dtroe.li i-t'hiolher -hand--- n 4os
h.n 2 0 resauii .. 0 n 141itcSi dtirsoe , his neKi cseitdneieleoel .122 degress of Ireedom he mamam eo.s..e .ur.... 'h-1 1Ze d..meni

TABLE 8
Summary of single analyst statistics and relative standard deviation for test procedures

used in analyzing the free available chlorine content of Cap water samples

SAmp~roeernc Tilror _____ Ele.troin "5 r I-C" ,

1.Pl Ao . +- . i AO ii AO-
s 20 001 4i 030 , 0012 10 ,i , ;I

2 05 CO on 05 0 00 .. 6,05 i' 1 00'1
a t? ons 2 0

i io ooon ao s 04 ooIto sin .O t

oa1o 1 St flt .1 1
i i2 0020 is o t 2 is (32-

as at006 0a 027 ow 40~ 2 i iU 1
i, t Ce tS 14Z C 040 0313 4 ',2 1005, :)

214 0040 18 025 0013 ii I s 1022004 I G05ull 3 03 J 1 )O
0020el I Z 001 44 'iii 0 '

051 0345 0 1 O O2ia , l14 '12:4 4

. , o' '1 oe s s t Co i g ain 220 I ,' '00- 20 ,),

1 S oat1 .0 :17 00018 912 .)1 , 1T-00 00219 0a .2t.0 2 '21 I.

005 000211? 0 1 ;1 010 -i 04 1,0

4. 5 25 '6, ,65 .2 21 121z oA- lAeRSO t2 9 s

Ste mean
•The sadard dseo,oln

:The reia,. .lnard da...n..

respectively. The differences were min- use in testing each of the procedures. The the large. overall relative standard devia-
imal and would not be significant to the lap water contained both a free and a tion.
operation of a water treatment plant. combined residual: therefore, the data As a prototype inslrument. membrane

The comparison of the potentiometric were divided into free chlorine and total eiectrode A and its associated electronics
electrode with the total chlorine analyzer chlorine measurements. The precision of may require additional engineering to

indicated a statistical difference in sam- individual analysts for the free available reduce the variability in results from
pies 5 and 8 (at the 95 percent level of chlorine determinations are presented in analyst to analyst. Also. the electrical
confidence). The difference in the means Table8. An individual analyst's precision noise detected by the electronics could
was 0.14mgClz, Lin sample5and0.09 mg obtained with either membrane electrode have caused some of the fluctuations in
Cl, Linsamplea. Nostatisticaldifference was considerably less than the overall measurements Stirring of the sample is
was observed in samples 6 and 7 precision iTable 4) It was also apparent rritiral % hen using mo,!rhrane electrodes

Precision of individual analysts Each from a comparison of the means for -in% ci klh variations in srrn speed
aamplewasdivided intofoursubsamples one sample that considerable variability ithe vcti, tv f fluid across the mem-
Each analyst received a subsample for existed This variability accounted for branel can cause !arte vatlatons in the
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ineedn fth nlyi h efre

use inindep h oa rton f a tr ape n del nats frte analsete h n perboled
A. the proceP.I~ -1d .. 1Cis A., 1.1.adure. Teaeaepeiino

summcri. Aigeay.. S,ihc o sD 'tIe stadar es i Rei rcD' seatepcsonf individual anayt

5~~~~o 1t 6 an d t 2 he average precision of alaal t
Ap..tll60i 0.m.ioioed T~.0-o-l.Ani Thndta analts as alwaysbe ltte

34 a-oil I I I I I _, than he averae preson ofnall anad wets
4 ,* al 1 13 0e10 26 . 0006 04

9 3: , . 1 o. Theiat for qute asperanetc ttatore

I . I' 010 0' 2 004 'o' .3 00 and for tap water samples
1 D0ll 30 is s 0 3 02 000S 00 The average precision of individual
35 00o 1 i2 0 0 131 0003 0;

-~~~3 4 1 03 0 i 00' ' analysts with the potenliometric electrode
Ii~ ow 0, . ~ 03 0 ' is comparable to that with the ampero-

ISi 001 40 o01 . 0o0 3 i 01 precision of all analysts with the poten-
I' 00 1 1 00 0 0 I 0 0 timetric electrode 'was not as good as

11'~~ ~ 006 is 0 0 Il 01 0
15 00O13 I 10" 0 0 1 b 1 006., 0. t hat with the amperometric titrator. This

so 20 24 01 difference in precision may have been due
"I~..,to the nondligital milli% olt meter that was

*In .r0o~....... used. (When millivolts are read on an

:TS...lsl~n~e2 6,5100 rmature meter, the third place must be

estimated, and this can lead to significant
TABLE 10 errors.1 Moreover, the standard curve

Summory of analyst precision with test procedures foraolyzing quality assuranc, samples was obtained by using only one millivolt
prepared with chlorine-demond- free watOer reading for each concentration Precision

probably would have been better if dupli-
... TliCltt or,10 tnrlplicate mliotreadings hd

* been obtained for each standard and then
A .c... .,f.. .l5 P--I~ I 19'' 2
Ae -- 1...., . .... I 20 these data had been analy zed by linear

* *a..l,,...,d d-..f Both membrane electrodes produced
rather large estimates of the average

TABLE recision of all analysts The reasons for
Summary~ABL 11nlss prcso ihts rcdrsfroalzo h reOplbeclro his have been discussed.

Sunnnnorof ofaa~tpeiinwt etaprocledre amtes h re vilbe ham The total chlorineianalyzer consistentlIy
I ftpwte ape gave excellent Precision* This technique

A.eemlre A.,oe.e,, 1- nns-r-n On-er.,.. M---~a for measuring total chlorine appears to be

* . ~AI~ ,:, ,6116 5.0 lirsioE. ,.*Ed, independent of the analyst %who performed
Ara,:::al anl.,pnwn 3 the procedure

:0,,nals sod16 *660 -~t.~poro .rlo r, home,6 f0ur sly-~1 so.,ol . .M 1, -- d-0*. Active chlorineO speciation In natural
Ion systems

The amperometric titrations were very
TABLE 12 tp reproducible for analyzing the tap water

Summon~ of analysit precision with test procedures for analyzing the total chlornne of ip samples. For the membrane-covered am-
water samples - perometric electrodes, values were ob-

eao-o.,rc eT-noner , oCht.rl. tained that averaged approximate1 '
E.11 E O.cl A-I,..r percent of the values obtained fromn

A, l1 no . P .3tion was for electrode Aand sample 5. the
B *Oe~~.1~.,.i.1 oidO I 1000611 ll600*0*l0 6i61 salu01II l.,0000 electrode determined a value that was 35

F planations for these low values are either
that the electrodes were not functioning-9 0

measurements. Membrane electrode A chlorine content of tap water. Very little properly or that there could have been
was cali bra ted daily. difference was observed between the active chlorine species in the water

*Membrane electrode B was extremely precision obtained with the ampermetoc which mimicked free chlorine in the
%! stable throughout the evaluation. The titrator and that obtained with the po- amperometric procedure but did not

66calibration, as adjusted at the factory. tentiometric electrode. permeate the HOCI specific membrane
was checked daily but did not require For the total chlorine analyzer, a rela- It is possible that the membrane elel

.- adjustment over a two-month period. The live standard deviation of 0.5 percent trodes were not functioning properls and
single largest factor that may account for was calculated for the average precision there was a chance that both electrodes
the analysl-to-analyst variation was the of individual analysts. This result was gave similar readings The fact that less

*.size of the meter. Because the meter is 1.5 percent less than that for the ampero- chlorine was detected by both membranes
small, large ersoors in interpolation of metric litrator. Again, as was observed indicates that very little, if an%. inorganli
numbers on the meter are possible. from the analyses of the qulity assurance chloramine (presuming this species was

Table 9 'somarizes the preciaion of samples, the results obtained with the present I permeated the membrane Gen-
% ~ individual oal;), sts in measuring the total total chlorine analyzer appear almost erally. if the membrane electrodes wre
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"n

. -malfunctioning. the error would have a For ai samples. the results obtaund tioretric electrode (p). data for sample I
".' .been positive JLe.. higher value). at with the potentiometric electrode were frum Table I are substituted into Eq 2
-' negative. with respoect to the ampernmet- lower than those obtained with the Therefore. i.= 0.40. tij= 0.000169. n. =t12.

r.. ic titrator, amperometrictatrator. The difference was ip =0.38, s = 0.00360, and np= 12. then
- ,It has been shown by several analytical Statistically significant in three of four
, ,methods that organic nitrogen chlo- samples. 040 0.38

- ramines appear as free chlorine.,, The a The results obtained with the total '10016
]formation of these compounds has been chlorine analyzer were low in three of 130036

studied. '(-" Direct evidence for the pres- four samples. with no statistical differ- 111

ence of organic nitrogen compounds in ence in the fourth sample. The greatest 0.0
% .southern Florida groundwater has been difference between means was 0.08 mg 00177

' ,confirmed by the formation of dihalo- Cl,, L. 1 129
• ''.'.acetonitnles.

== 
No routine method exists 0 For two of four samples. the results

,.':for determining organic nitrogen chln- obtained with the potentiometric elec- In another example. data for sample 3
r'' amines.2- Recently. a method has been trode were statistically different from from Table I are substituted into Eq 2 to

'. "published. which may provide the neces- those obtained with the total chlorine compare the results obtained .!rom the
sary derivational procedure fordetermin- analyzer. amperometric titrator (ol with those

--- g organic nitrogen chloramines~
z
a e The precision of all analysts was obtained from the total chlorine analyzer

. .' -Thus. there is no definitive explanation best with the total chlorine analyzer. Icl. For io 1.2,6. sd = 0.000529, n,, = 12.
for the low values obtained with the followed by the amperometric titrator i , =L130. s

z 
=0.000169. and n, = 12. then

• membrane amperomet ric electrode. How- and then the potentiometric electrode.
- -. ever. one cannot rule out the possibility 4. Of all the methods tested, including 1.16 ,.3
- %..that the amperometric titrator is not the amperometric titrator, the total chlo- 

=

,-..:.specific for free chlorine and that organic rine analyzer produced the best precision /00529 0 000169
nitrogen chloramines account for falsely for both individual analysts and for all .t

,.--,high levels of free chlorine. analysts. -0o04

Srmtyo Msasia nlss 5. For all of the electrode procedures. 0 oh-IiI
Summd/o theItailt~al nalses precision of individual analysts was

1. The following observations were better than the precision of all analysts - ' 4
:':::::made regarding the analysis of the quality combined.

assurance samples (in all cases. the level When calculating the t-statistic, the sinn
:':- ~~of significance was 95 percent): Cl¢uil is disregarded and a positive %aue
• """0 There was no statistical difference The total chlorine analvzer was shown reported I t:5.241 because differences...

.between results obtained with the am- to be analyst independent. providing either direction are beingivestigated
perometric titrator and those obtained online. continuous measurement. This Cohnufrig t ~acquited egitmsoftrod
v ith the potentiometric elect rode. inst rument would be the method of choice by using the Selterthwaito a~oximation. Th e

* Forallsamples. there was astatistical when continuous or many total chlorine ADF must be used when the meansof two
Sdifference between results obtained with analyses are required. Although operation samples are to be compared by usinng the
,..the amperometric titrator and those ob- of the potentiometric electrode is easy, t-statistic, but the two samples have
• .. .tained with the total chlorine analyzer. the results can vary from analyst to different vrariances, The Reneral formula
""The largest absolute difference in the analyst and would require adddi tonal for determining the ADF is that given in

means was 0.06 mg CII, L. quality assurance for in-plant. inulti- Eq 3
0 There was no satcldfeec analyst operation..No ,conclusion can be For example. to ) rnpare :he results

. .• eween the result obtained with the made regarding the amperometrii mem- obtained from the amperometric titrator
"-"potentiometric electrode and those ob- brane electrodes because of the variabiiti, ,aj with those obtained from the poten-

tained with the total chlorine analyzer for in the results. tiometric electrode jjp). one must know

three of four samples. For theone sample. Ako ed ensthe ADF Therefore. data for sample I
the mean was 1.21 with the potentiometric Akoldmnsfrom Table I are substituted into Eq 3
electrode and 1 35 with the total chlorine This respar(.h was supported b%, con- For i6 =0000169. n,,

= 
I_'. ?,=000360.

, , analyzer. tract D.A.MD 17-80-C-0164 with the I S and n 12. then
* The precision of all analysts was Army Medical Research and Deve=lopment 00,9 o3o-

"." best with the total chlorine analyzer, Command. Ft. Detric~k. Ivd.. and b% the ADF -- - -
' "i::followed by the amperometric titrator Drinking Water Research Center. Florida 21

Sand then the potentiometric electrode. International ['noversitt. Miami. Fla )0019 003t
' ~2 The following observations were The opinions expressed in this paper ) --
1 ~made regarding the analysis of the free are the private vi ews of the aut ,.r- nrd x

chlorine in tap water samples (in all %hould not be const-ued as tffj(:lat or
- cases. the level of significance was 95 r 'f'.rtng the vi,, ',s it the Department of

-'.-

percent): the Arms-9,vI
0?%.. The results obtained with the mem- 98 o

brane-covered electrodes were not signif- Apenix103 - 10 I 0

,." '" canily different in three of four samples. CeNcut toof thet-staftsti. The 1-ift ... tic
,.- Both membrane-covered electrodes is used to test the hypothesis that two _,#3

-.. :"detected chlorine levels that were an sample means are the same. In calcuiatlng : rnujnded to near-i ,
average of 21 percent less than the levels the t-statistic, it is assumed that the data ner

• Idetected with the amperometric titrator, are normally distributed about the mean.

';. ' The follo'wi.ng observations were The general formula for determining the In the sample c~alculations tor I ,. ADF
made regarding the analysis of the total t-statistic is given in Eq 2, that follow the data are for sample 2 rnm

,''" hinrine in tap water samples lin Mtl For example. to compare the results Table 1. for Sampie I from Table I and
s. ais the level of segnrcance was 95 rtaaned from the amperometrlc ttrator fan r samplec from Table 4 fosptpl

=''..perrcentl, lal with those robtained from the poten- In these ,aCrulalons i refers to the

;-%. -C'SSER '982 -CO : PEP E- AL q!

1-16

4 - l

-#enpstv ~. ihrvle.nt wt h oetoeti lcrd ee fo al r usiue noE
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amperometrlc olrat: and c tofers the tun if can be determined that t= 2 78 for An..' s Pr', F,ir'h Cn: o itr.'

chlorine analyzer ADF = 12 and a = 0I St. ,se the Chitrnato Enir nment.. rtpo, -int

For sj = 0.000484, n, = 12. s = calculated value of I = 3.074 is greale He, f . ! ,' , r (Alt I ) I

I i
0.0000240. and . = 12. then than 2.78. lME- two sample preit' at. 1 MA.. d H' t K'atistica ddterent at the 95 percnt 0( AnInstrument ,tt ,.,-rnai iitrn-

ADF= i- 10' o confidence level lion tor Mionoi n ( i rine R-siuuc it
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A statistical experimental design
for comparison testing of
analytical procedures

Paul H Gibbs, William J. Cooper, and Edward M Ott

~. .~ An expeelmeit has been designed for compaileon (equlvenicy) feeiling of an appovd persed locations (water treatment plants sI
standard tot method and an altrnatve tost method. The design has been appled in Water quality data may be collected at
tests undr actuial opertingonsditions at watsertretment plans.Statistical aslyasof more than one site in a plant lafter dif-
an example data We is dletagled. The estimates of single-anaelyst precision obtained with ferent water Ireatment processes i thus.
this design may reflect the results encoluntsred at any water tratment plant. the design allows for testing at two sites

within any one plant. The exact position
of the two sites within the water treatment
plant is determined for each plant antd

The LUS Environmental Protection estimates of precision, therefore, reflect reported on the forms: i~e.. for the duration
Agency IL'SEPAt promulwated guidelines results that would be obtained at other of the experiment, one position :s desig-

to standardize test proc.'iiures, fur compli. water treatment plants nated as site I and the other position is

anrce monitoring These guidelines have The experimental design is based on designated as site 2.
been amended to allow applications for several general criteria. Anolvsts To include variability result-
approval of alternative procedures for 9 The test should be conducted over a ing from analyst effects in the chemical
nationwide use: As part of the appli- time span that covers a significant change analysis, two anjalysts who normally take
cation, comparability data are required in either the process or sample qualt the readings are usually available for the
between the propose d alternative proce- a Replicate analyses should be required duration of the experiment at each loca-
dure and an approved procedure. The on samples for the approved and proposed tion The two analysts work on the exper-
comparability data are intended to test alternative test procedures at multiple iment independent]% of one another If
the equivalency of the two methods. The laboratories onl% one analyst is available, the same
minimum requirements for equivalency 0 The test program should require a total number of obser% ations (the number
testing have been outlined elsewhere.' minimum of analyst time at the coop~rat. taken b% two analvsts) is taken.

This article describes a ge -alized ing laboratory. i e . the testing program Samples The duration of the expert-
experimental design that can b, d for should be self-explanatory, and forms meit long enough to include variability

*obtaining the dlaa necessary for ' ar- should be provided for data collection in plant operationi calls for sampling
- son testing, a particular applicationi of a Data should be received in a form over a period of several weeks. Samples

wh ich is equivalency testing. Another that facilitlates romputer- aided stat istical are obtained in the same manner as those

article details resuits ofthis experimental evaluation collected for monitoring normal plant
design as it was applied to free available aRandomization should be used to operations Most samples require one
chlorine test procedures. a ss:ignexperimental factors to the samples reading with the approved test procedure

The data required for equivalency test- and to determine the order of testing of and one reading with the alternative test
iog also provide estimates of stngle-ana- the procedures for each sattiple procedure
lvst prerision for the analytical methods Expetlm~et design Order of testing To guard against bias
tested These estimates can be used for in the results, the sequence in which
purposes other than equisalency testing Experimentl tactoes (vasobhisI. Several results are obtained for any given t xit is
and may provide valuable data for eval- experimental factors were identified and randomized and followed carefully, b%
uatinig the relative merit of analytical included in the experimental design each analyst It is necessary to emphasize

0procedures. The major difference between Methods. An alternative test is used in that prior experimental test results should
the estimates obtained by using equiv- addition totheapproved method currently not influence the analyst's subsequent
alency testing and those obtained by in use at the test location. The approved readings because this will invalidate the
analytical chemists who develop the (standard) method is denoted by SM. and experiment. To help guard Aeainst "t

**methods is that the former are obtained the alternative method isdenoted hby AMI :if_,uenve of prt:us rrsu~ts. n tsiru.
-under actual operating conditions at water Locations and sites The experimner. is tions to the anslysts esrtii 01% poini out
*-*treatment plants These single-analyst conducted at several geotgraph;callv ,Its this ptenlial p-,hicm
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TABLE S
Experimental design for equivalency testing at one water plant

S am a .la A.nL S- I Standomood T-o Souecmt TABLE 2
S[ SM AM Sample date forms provided to water treatment plants

-j SM AM
SM AM Oa-. ,.
SM AM

SAM son I Nai 1
-1 .. M o n.. Day Yr

AM SM
AM SM Plant tO Toot AM PM

o SMAMAMS AM5MAMSM
iiSM AM SM AM AM AM SM SM An1)" 2 coyt Mor-o

"ii 0SM AM
2 2 SM AM SM AMAM 5M SM AM Sil 2:

SMAM SM AM SM AM SM AM
S AM SM SM SM AM AM SM AM

SM AM Reasdnio.

iS 2 SM AM
2 t SM AM 0

r
dan Mn,2Oda Snlw:

2 - 'SM AM
SMA M I 5M

0 1 2 AM SM
M I M SM AMSMAMSMSMAM - AM

-2 1SM SM
i M AM C.n-nls

* - SM AM
SlM SM

-- ~~ 55AM *a O
.8 A llS SM SM sM SM SM Ai SM
29. ' '1 SM SM Samole No0 O at.
to ,s IM M AM SM SM SM M Slo Do. -

O .1SAlSSM AM Ms SM A.M SM
ii 6 i A%; SM Plant ID T - W PM1

33 2 SI SM AM SMAM SMSM AM
14 - SM siM Anlalt I 0- 1

ii 5 SM
10 : SM Alt SIl l

i - 9 .SMSM SM SM SM SM SM SM

In •+ 5o, x SMM
i AM Onad:Io'J

40 0 SMM
It 1 MAM t
92A Mi SM

I I2 M AM 
SM

tos 2M ,MAM

,~~~ • - : .+A M AllM
Ms tAM 3_ All

SM AM ssi~A SMM

P.+.• Sm SMM 4 SM ______________ ______
S AM SM

AM SM

% M SM
5;AM S

:'- ,bs+ompling To meet the minimum and encompasses a tme span sufficient ste combination for each test sample is

o -requirements of the experimental design. to observe variability in plant operation, determined by a random process so that
"""multiple analyses are made on a pre- Desian The 303 days Allotted for the IS samples are allocatedto each vombina-

*""selected, restricted random selection of exeietaesqetahut notncs- lon of analyst oil site for total if 60

-r ot neAMAMSMAMes-MA

. _samples The selection of samples is sarily consecutive; i.e. day 5 precedes samples. Subsamples for multiple deter-

rbalanced with respect to analyst and site days6. but days 5is not necessarily adtacent minations are chosen by random selectiton
.'.' "combinations so that each combination of to day A. Each day is split into a miirnrng from the samples allocated to eavb analxsi. "analyst and site is represented equally. and an afternoon test session, althouh and site combiaton, in this case 'hree
" "'%' 'The multile analyses of each sample no attempt is made to balance the design samples fro ea..ch combinati.....t analxsi

;"2also have a preselected random sequence. for dfa effect Eaci segment of the day is and site were utsed. The sequenc~e tn

v.., such as AM SM SM AM AM SM AM treated as a separate samole The design 'which methus are iteti 's .:heach sam
•

b' ,% 
•

SM , In these cases, again, the anal.'st assumes that two ant>., sts and 
t
asu sites iieis ahso random A compietely different

*o"' ercises care to g.uard against biasing ire o. .v t iav-e. randomization is performed for each
' he res slis of subsequent determinations If ons. one sie is as. ,lah] uul te.atS ore :s ate'r niant :regardless of the number of4

- *i I 'ipreredinsobservatuonsin thesequence performed at that site, including those pianitsi

F.+ 7.- _These addtional sample analyses are designated "site 2 Having two analysts Computenprogram .o,,iur-'r,,- im

- "-iselto estimate sing~le-analy st precision and two Sites as alable at each plant was w'ritten to pros .ide 'he 2Pm,0. -,.

L--tu lroiriin The esxperiment requires 30 broade.ns the scitpe of the experiment but randomizations tionfo~rm tothe "alan ed

F 
o  

,~'orhing las¢s to, omleo This length of is not necessarily, upplicabite to all vater Psperlmentii -lesigot required -itl va,,':s
'I-hsuI T m et 'fi ming qoanlit Tests the specfic analyst and iiral anal sis the -iutiput ir e hs pre: is

selectede re'sicted andotm sealctio ofeprmntaesqenilbtnompe-rino n iadstenfritoa f6
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TABLE43TBEi
TheO ANV table forestgmoeeisvEprror v.I,, o fu ~~:

- . s~~ngle-onoivsth~ reci noihnechoato

TABLE s* 11 "1 "1 "120

de.clbe -W rn

TABLE

Tabl I ihf datao form corsodn to:' l eahdsg2.r eito

To 'cf'n6''

" '-TABLES 
. T'L4t

a sanexmpe On day r 1. n alyst pC3.is o fr saepitdotS m ldtfr sv'blt ntedt o cone o

obtain a r aig aut s ien it-th p r hw nTbe2b xprmna atr n o psdi

prov Ted sand a t em t fo s lloe-d EvT u . o ple e lvu o teu 
° 

exper pat log fh sinle nl vst pre ison Totuaf

samplet . r9 nd v5 nl I is to o f th fatr naconigfo'h oa

otainX.V. iple aot ste Ihnd m e efour Det tan t im I Sieeo s pr ara ilt
anlse sigther apooved stndr ..,o A meaur of th vaiailt 4 Su fsurs A m te aia

", r1p,3h 414 t ' '313 
' -'*

alterativ mehdi h olo i odr y- , e nls an. th same sampl ina va b it% ,n th obsrvaion at-

S ePtMl~e'lfte(t AM AM1 S2O AM SM: AM Sr ing :b sam meh d u drunfr rh ti he pri e tlfco

"."TBLE' ", . ...... '

A,,--

4... ., . . . . . . .. . .. . .. . . .

"3 .- ... .. . . . .. ..

for one treatment plantSI summarized in Thecomputer program provides printed conditions. usually expressed as a stan-
Table I data forms corresponding to each design dard deviation".-To read Ta ie t consider the first line For every, location, a total of 60 data 2 Experimental error A treasure of. as an example On day I. analyst 2isito forms are printed out Sample data forms variabilityin the data not accounted for. ,obtain a readingt at site 2 with the ap- are shown in Table 2 by experimental factors and composed in... proved standard test method followed by Thus, a complete layout of the expert, part of single-analyst precision. usuall,."."a rxad mngwith the alternativetest metod mental design with data collection forms expressed as a variance." . The first sample of e.ch dayis obtained is provided to each participating treat- 3 A.\OVA Analysis of variance, a. 2:in the morning: the second is collected in ent plant to assist personnel in planning statistical technique for attributing 'art-
the aftern "example of asample on scheduling, and recording results ability in data to certain experimentalw hich in ," yse s are required is St t ll ,1 llly l lfactors and for assessing the sin ifcance

,. ,sample , rr 9. On day .analyst t is to Sttsia n lsof the factors in accounting for the total='%"obtain .iple at site I and make four O.*sia sat .m ~t. Single-n lst pre- variability,'''analyse:, using the approved standard cision A measure of the variabilty 4 Sum f squares A mathematical. " text method and four analyses using the between peated measurements made. quantity that exprsses the amount of the.4alternative methodinthefollowi 'order: by 
-  

4,e analyst on the same sample n'~al variaht, in the observations at-=, SM AM AM SM AM SM AM S .1 i e same method Jnder unform 'nhued 'r, each coperimenigl factor

4

I

.

=========== ======= :. ,: . 4 4:,. . .... . . ...- , . ... ,. 4 " '4 -, '. -, ,. -. - , , ,
.



r r - r~h-rT--Y-r- r~w~r -. - J. -,7 - JF . .- '- ' W -

5. Degrees of freedom: Number of cases cause precision is often correlated with priorto the experiment. not afterthedata
used toestimateameansquare. decreaasei the mean. Otherwise the sixg;e-na., st have been collected, to avoid the intro-
by the number of mathematical con- precisions may becwmpared b% usine trhiuction of biased definitions
straints on the statistic. Usually the F_.. test If possible. the power of the tests shcuid
number of constraints is one Com trpe uesissng. The ANOVA analy- be examined to determine the sensitivity

6. Mean square The sum of squares sis (Table 4) is performed for each loca- of the ANOVA (see the following sertion
divided by the degrees of freedom tion.The additional observations for those on power) If the statistical tests are not

7 F-test: A statistical test for deter- samples with multiple determinations are sensitive enough, the minimum detectable
mining whether an experimental factor discarded. and only the first paired difference will be larger than is operation-
significantly explains the variability in deterrunations are used Therefore. for ally acceptable. and the tests will not
the data. It is calculated by dividing the 60 samples and two determinations, 120 detect differences of operational impor-
mean square by the appropriate error observations are analyzed. tance. Increasing sample sizes ma. alle.
term for each experimental factor being There are two error terms: samples viate this problem unless the methods
tested. (analyst s site). which is the error term have inherently large precisions. On the

8. Error mean square. An estimate of for between-sample comparisons, such other hand. if the minimum detectable
the experimental error variance deter- as analyst. site. and analyst - site. and difference is too small to be operationa l

- mined from the data by an ANOVA. the experimental error, which serves as meaningful. the statistical tests ma, sig-
9. Power The probability of rejecting the error term for all method effects nal retection of equivalency on the basis

the hypothesis of equality of means. or including interactions. The experimental of small differences in means In this
the sensii' ,tr of the statistical test factors are then tested, using F-tests, latter case. one can revise the hypothesis
Power depends n part. on the magnitude against their appropriate error terms.' being tested to include an acceptable
of the experimental error relative to the The analysis is comparable to a paired window of difference in the method means

. true difference in means and on the sample t-test on methods in that between-sample and test for departures from this window
size isee the section on power under variation is removed from the analysis Also. and this is true in all cases the
-Interpretation of Results") before the method effect from within- confidence intervals on the mean differ

t0 Significancelevei The preassigned sample variation is estimated The inter- ences can be examined to assess the
probabilit, ofconcluding that thermethods actions of method with analyst and with magnitude of the differences detected by
are not equisalent when. in fact, the site provide tests of whether the method the ANOVA This latter step ssome%. hat
methods are equivalent effect is analyst-dependent or site-de- subiectiVe unless a prior understanding

it \oain "ffe'-t Refers to the effects on pendent Evidence of either dependenc, has been reached before the experiment is
the measured response of one of the calls for investigation of the underlying run as to the magnitude of the acceptable
experimental variables causes The three-way interaction of difference between methods

12 Interaction A measure of the de- method with analyst and site is usually Powsr As defined prev iousi%. power is
pendence of one main effect on one or difficult tointerpret Ifpresent thissource a measureof thesensiticit% ofastatlistica;
more other main effects of variation sometimes indicates depen- test of a hypothesis It can be expressed in

13 Within-sampie criaticon .A mea- dence of the method effect on the com- several ways but the most convenient is
sureofthevariationofobserationsmade bination of site and analyst Under this the minimum detectable difference This
on the same sample circumstance. it is impossible to draw is the minimum truedifference in method

14 Ser -en-sompl variation A mea- valid conclusions about the method effect means that can be detected statisticals
sure of the variation between observa- from the data Underlying causes should with a given probabilit. at a given signif-
lions on different samples again be examined The relative magni- icance level, for a aiven number of sam-

15 Coe
t
icenr o i ori otion The stan- tude of the interactions should be exam- ples. and for a given estimate of experi-

dard desi anon divided by the mean and ned by using tables of means and stan- mental error In one case power is set at
espressed as a percentage dard errors. Competent statistical advice 0.80 and the significance level is set at

i6 F_, :e-A statistical test used to should be sought in the interpretations of 0.05
compare the sa:'ances o! two or more interactions because the ANOVA may be Let .1 be the minimum positive detect-
samples overly sensitive to minor differences in able true difference If n paired samples

Singl.-anaslystp recision. Using oniy those the data, which could lead to overinter- are available and S: is the estimated
t2 samples with multiple determinations pretation of the results, experimental error from the ANOVA for
of eight readings four by each method). An overall assessment of equivalency equivalency (based on at least 30 degrees
single-analyst precisions are estimated of methods can be obtained by a simple of freedom then A can be estimated
for each method and compared b% statis- paired i-test on the method means for approximatel, b,
tiai tests Th- estimates are derived each plant This test assumes that the
within each location and represent the methodprecisionsdonotchange between A 2.80 25-
variation between repeated observations locations If this is not the case. an overall Example calculations of A1. for n = 30 and
averaged o% er bith analysts in each loca- test of equivalency may not be possible. for various estimates of S-. are shown in
'ion Table 31 and only tests for equivalency within Table 5 Thus. for a significance level of

Single-analyst precision is estimated each location may be done 0.05 and 30 paired samples with an esti-
from the within-sampJe variation of re- mated experimental error of 0.008 there
pealed determinations on a randomly lnterpretatio- of resultsis an 8Opercent chance of detecting a true
selected subset of samples made over the Results of the ANOVA should be treat- difference in method means of at least
span of the experiment For each location, ed cautiously because results of hypothe- 0.06 or greater by using statistical tests
48 observations per method are available sis testing are largely dependent on the
for analysis (4 - 121 The subsample sample sizes and experimental errors. Example data set and statistical
selected is balanced with respect to Overly sensitive statistical tests may analysis
combinations of analyst and site to avoid detect differences that are not meaningful To illustrate the procedure that is used
biasing the estimates of precision from an operational point of view. Also. in analyzing the data, an example data set

Ifthemeansofthe methods vary signif- insensitive statistical tests may not detect is analyzed in this section Table 6 is the
s - icanfl, it would be advisable to use differences that are operationally mean- result of the design shown in Table I

coefiicients of variation to estimate and ngfUi The definition of nperat:iunadi Codes for SM and ANt are I and 3.
compare precisions 4if he methse be- meanmfuddffer.ncesmust ieareednn respectively In this example the rr-
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effect in the ANOVA. owing to the inter-

I BI.E -j action of method and site
Th" A\' A le-11uIo itue -nko mih,-d,1. 1, ~si The estimated experimental error of
,,,". -.... . . -r... .0.01274 sould suggest a minimum de-
........ ____ . ....__ ._.: _ _ tectable difference of about 0.07 mg L

" o ...... i:. , ,ik. ,with 80 percent power This indicates

is '-i" -s* c-'s ic-'' that the test is sensitive to small differ-
... ' ences in the method means.

- . 4..... ,* . Summary

A statistically designed experiment for
-- , ... 0 i 0- comparison (equivalency) testing of an-

alytical methods used at water treatment
plants has been developed. The design
takes into account the variables most
often encountered in routine water quality

""........... ..... '''" .determinations. This design should allow
for the testing of numerous water quality

TABLE in parameters and for realistic estimates of
o, :h,-,! ii ..n .no h, it, single-analyst precision obtained with

-'"minimum involvement of any one treat-
_.. .. __....._ _ i ... ' .... .... ment plant. It is possible that the estimates

- ,obtained by using this experimental de-
'- .. ... !- ............ ~sign are the best approximation of what

may be encountered in any water treat-
meni plant.

Acknowledgments

chlorination o' '. site 1. and the post- Nevertheless. themethodsarecomparable This research was supported by the US
chlorination site is site 2. Most of the within each site. Army Medical Research and Development
results can be obtained by using any Equcivelncy testing. The results of the Command, Ft. Detrick, Md.. under con-
convenent statistical package available ANOVA used for comparison (equiva- tract DAMDI7-80-C-0164 and by the
from computer services lency) testing are shown in Table 9. Drinking Water Research Center. Florida

Singlit.sayst peecision. The 12 samples The analyst, site, and analyst -site International tUniversitr.. Miami. Fla The
with multipledeterminationsareselected. factors are tested against samples lana- opinions contained in this article are
and the estimates of precision are calcu- lyst o site). a between-sample error term those of the authors and are not to he
latedforeach method by usingaone-way that is less precisethan the within-sample construed as an official position of the
ANOVA The data. which are multiplied comparisons. Methods. and all interac- Department of the Army unless so desig-
by t0 to increase resolution, are presented lions with method, are tested against nated by other authorized documents.
in Table - experimental error. Thus. the method The complete computer program. ex-

Because the data are multiplied by 10. comparisons are within-sample compar- ample data sheet, and instructions to
the variances are multiplied by 100. Thus. isons and are more precisely determined operators are available from the Drinking
the variance es-rmates must be divided than site and analyst comparisons Water Research Center. Florida Interna-
b, too to obtain original scale The estimateofexperimentalerror (S-I tional Universi,

00629 5is 0.01274. This estimate includes varia-
,',.;, =0 00521 lon resulting from single-analyst preci- References

. 000526 sion as well as other factors not accounted I Guidelines Establishing Test Procedures

' T p in rh tfor in the model for the Anak.sis of Pollutants F.c R.,L
6. Ninety-fivepercent confidence intervals 40-24535 ilune. 1951

of the variances on the actual differences for both sites .1 Guidelines Establishing Test Procedures

00-9 ma L can now be calculated by using the ex- for the Analysis of Pollutants F-( ii. L
o41 232 52"80 1Dec 1. 19-61-.,, A t perimenta error estimate 3 .lternatve Test Procedure Equjoalen-

T s e t r ft 96 25: 30 Tesiing Svstem Enoir Monitorii and
To lest for equalt the ratio of the Support Lab I'SEPA Cincinnat, Ohio
largest variance to the smallest is com- where D 

= 
difference in site means. S- 4 0uiOPFR W I f1 A: Equialen Testing(,

puted n% using the F_,, test experimental error, and 30 = number of Test Procedures for Free Ai.aoahl Cho,

F_=o 00 0 005-11 t pairs in the test The results of these rlne Amperomeirc Ttrat,,n DPD -o
calculations are given in Table t0 FACTS Accepted for publication in I,.

This %alue is referred to the aporopriate A pronounced site effect is evident in A Vt%. B
F. 4 .. statisticai tabl, and declared not to the magnitude of the site means and the 5 WisFR B I biott. it. Priri.=onfs
be significant at the 99 percent level of interaction of site and method as indicated p-rkrettul it oc raos-Htl Holi (,confdenc \eo York 1962,
confidence by differences in the effect of methods

The relai.e precisions may also be between sites The method difference is
calculated b% conutin, the sinle-ana- due to the prechlorination site alone for Paul H Gibbs is a statisticiar US Arh-
lyst preccsions as percents of the means which the difference is 0 14 mg L. For the Medical B-oengoerng Research ano Deva-
Table 81 for prechlorination site I) and postchlortnation site. the observed dif- ooment Laboratory F! Detrick MD 21'0'

postchlortnation ilte 21 ference 1003 ma Ll has 95 percent con Witham J Coope -s aO e sneceate rolesso,:)- -- -; wale. Pesea'c,, Ceher Fi0,,da
In this particular case, thp pror : rina- fidprtr ;nierals that inciude I hent -',atonai urtersit V,am FL S3319

lon means are mt-ik ' i.r li r * the hypothesisofequalityof means cann" EOward M Ott is a syster-s analost GouLc
posichnrination Tiea s. resulting is cf- tere odoted Jn? this-ase. lhf tesnofmethods Inc SEL Comepule' Systems -s,o0 ,
ferent patterni of rP!l'nie precision is io'..s;cedespite the strong method Lauderdale :L 333'3

582 RESkAiCn A%, "' 'mCcLOG
"  

JOURNAL AWWA

23

, .



APPENDIX C*

William J. Cooper
Paul H. Gibbs
Edward M. Ott

* Perin Patel

EQ~UIVALENCY TESTINGE OF PROCEDURES FOR MEASURIN3 FREE
- AVAILABLE CHLORINE: AX4PEROMETRIC TITRATI()'., DPD, AND FACTS

Reprinted from JOURNAL ANWA, Vol. 75, No.12
(December 1983), by permission.

Copyright0 1983, The Azaerican Water Works Association.

*Note: This Appendix C includes Figure 1 and Tables 1 -13.

24



Equivalency testing of procedures for
measuring free available chlorine:
amperometric titration, 13131, and FACTS

William J. Cooper. Paul H. Gibbs. Edward M. Ott. and Perin Patel

The results of 192 analyses for free available clilortne, iiier obtained fram each of 16 Methods and maiftertiaspartlc~tng laboratore. The"e data were statistically analyzed to determines whetherthe OPO, FACTS, and amperomettc Ubatloe methods weeequivalent. This analysist The experimental design and proposed
M~catedtha FATS s eu~vlen to othDPOandwnpwmtt Winfon.statistical analysis for this study haveIndcatd tat ACT isequ'~aentto ~thOPOand renabl ~*been deacribed in detail previously.

Briefly, two analysts at each water plantChlorine is used in the water treatment colorimetnic determinations are used in ran a paired sample comparison for 30process for various purposes. Of these. bothrthe laboratory and the field: the DPD days. during which 60 samples werethe moat common applications are taste I N.N-diethyl-p-phenyleriediaminel, LCV analyzed-30 by one analyst and 30 bN
and odor control, color removal, and lleuco crystal violet), and FACTS (free the other.If prechlorination Ibefore treatdisinfection, available chlorine test with syringalda. mentl was practiced, half of the samplesThe numerous methods available for zinc) procedures. were obtained after prechlorination anddeterining chlorine residuals in aqueous All test procedures used for monitoring half after posichlorination. Each samplesolutions, 2 include iodometric titration, in compliance with the National Interim was analyzed by two methods; this rc-amperometric titration, and several col- Primary Drinking Water Regulations sulted inso analyses per analyst oratotalonmetric procedures. todometnic titration )NIPDWiRI must be approved by the us of 120 analyses. In addition, for six sam-may be used to measure total residuals Environmental Protection Agency.' This ples, each analyst was required to makeI1 mg C12,L. Amperometric titration is article reports the results of (1) a comn- four measurements with the standard
capable of differentiating among free parison of the approved standard test test procedure used at that particularchlorine (hypochloroua acid-hypochlorite procedure IDPDI with the FACTS test water treatment plant and four meca-ion). monochloramine (NHCI). and di- procedure.f(2)lacomparison of thepFACTS surements with the alternative test pro-*chloramine INHCI2 I and is generally the test procedure with amperometric titra- cedure (FAC TS). This involved a total ofmethod of choice in the laboratory. Field tion. and 131 a limited three-way Corn- 72 additional teats (36 per analyst). Themeasurements are limited by the com- parison of DPD. FACTS. and ampero. repeated observations were divided be.plexity of the instrumentation. Several metric titration. tween the prechlonnation and postchlo-
DECEMBER 1983 W j COOPER ET' AL 625
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rination sites if prechlorination ws limits. The method comparison was a
S,--practiced. Thus. a grand total of 192 within-sample comparison and, thus, not

analyses per plant was obtained, affected by sample-to-sample variability.
For the alternstive test procedure. a The sample means could therefore vary

FACTS test kit* was supplied to each considerably from day to day without
water treatment plant participating in diaturbing the comparison of methods.

".*this study. The DPO or amperometric The effects of analyst, site, and analyst x
procedure normally used at each plart site were between-sample effects and TABLE I
served as the standard test procedure. therefore not precisely determined by TheANOVA tablefortestiii methodeffects

this experiment because variation in within location
lsample means tends :o inflate the error

Gen" Iee'Im, A minimum of six term used to test these effects. However, 0 ,.- Fl .io

participating laboratories is necessary to these effects were less important than the ro, 0
conduct this test. and these must be method effect. lnadditioih the interactions
representative and geographically dis- of method with other effects were also
persed water treatment plants. Sixteen within-sample comparisons and therefore
plants cooperated in this particular study. also tested in this model against t he error ,
Ten treatment plants provided results mean square. The analysis was analogous l,U,.pl,,

obtained with the DPD and FACTS to a paired t-test. in that sample variation Silhld

methods, and six plants provided results was removed prior to comparison of the .. •. ,
obtained with the amperometric titration methods. A balanced design with respect e.r,n ZZ., is

and FACTS procedures. to analyst and site provided additional
One plant provided results obtained information beyond asimple pairedt-test

with the DPD and FACTS procedures as through use of the ANOVA procedure to
well as a single amperometric titration analyze the other factors and interactions ' -

result for each test sample, thus allowing in the model.
a limited three-way comparison. Power of the momod compelsons. Power

Stioee mevieds. Although the design refers to the probability of relecting the -

used for this experiment has been de- hypothesis of equality of population
scribed elsewhere.- the main points of the means or to the sensitivity of the statisti-
analysis are described here for clarity. cal test. Power depends in part on the
The single-analyst precision was esti- magnitude of the experimental error rela-
mated from the within-sample variation tive to the true difference in means and on
(36 degrees of freedom) for each location, the sample size. In general, the larger the I
Only those samples with multiple deter- number of samples, the smaller the dif-
minations (12 samples with four mea- ference that can be detected. In this ex-
surements by each method) were used to periment 60 samples were taken. 30 from
determine the single-analyst precision, each site inmost cases. Power calculations
Therelativemagnitudesofprecisionwere have been performed for a range of
expressed as percentages (coefficients of experimental errors., From these calcula- - -

variation) of the site means for each tions it was observed that the experiment
location. Finally, the variances of the two was able to detect small differences in the
methods foreach location were compared method means (from =0.06 mg, L to =0.10
by the Fmx statistical test.$ For this mgL or greater) when testing at a 0.05
experiment. an F-value of 2.49 or greater significance level with 80 percent confi- £ 'i ,
was required to reject the hypothesis of dence. Therefore, in this study. if the F- 0 , ,
equality of variances at the 99 percent test indicated a difference in the method
level of confidence. This analysis com- means, the actual magnitude of the mean
pared only the precision of the methods. differences and the 95 percent confidence * 0

To test for equivalency of methods, an limits on the differences were examined. 1 -
analysis of vaiance.(ANOVA) procedure This step involved scientific judgment as
was used.' All 60 samples were used in to what level of difference was opera- -
order to have a representative range of tionally important. If such a difference -
samples. Multiple determinations were could be determined before the expert- 0 :.
truncated by omitting the extra observa- ment. then the statistical tests could be 11 a0

tions and retaining only the first deter- formulated to test for departures from 0
mination by each method. This was done that specified value rather than from the 14

because multiple determinations do not zero difference value generally used. It Is igure .Comparison t means for free aval-
represent true replicates of the methods, important that the definition )f opera- ale cnorne obta;ne tO wit FACTS ano OPO
owing tocarry-overeffects from previous tionally important differences be deter- test oroceat.!es at "C ,ate,,reatent cas
observations in the sequence. Thus varia- mined prior to conducting the experiment
tion among repeated observations was to avoid biasing the definition by the
not considered a viable estimate of ex- experimental outcome.

perimental error, The ANOVA table for
those locations with no missing data is DPD and FACTS ,'ich !or.innn fir the comparison if DPD
given in Table 1. Single-anIyiet oictsi resuts. Sirl.ie an- .in.l FA(,-' S r.%'A ine -ae lo-titn. 4

The error mean square. i.e.. the experi- alyst precision is the aan.!ar deviion '%as a ditfrence - re . n
mental error sum of squares divided by of repeated measurements made on - retween th.. sr -... "ftods ;v " J percent

% the degrees of freedom, was used to test single sample by a single analyst under
for method effect and to estimate the uniform conditions.- Table 2 lists esti- -,t ii.T',. ... . ..

experimental error for use in confidence mates of single-analyst precision within I.. n "n d
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values and estimated error mean squares
I 103) for the comparison of the DPD andTABLE 2 FACTS test procedures are reported in

Sing e-anolyst precision for the DPD and FACTS test Drocedur Table 3. For all results, a = 0.05 was used

I i i..Ao.iy|P eroon 1 as the level of significance. A consistent
sfgP.-Ao.Is P. ..... ' As P..u. o 1 As ..... f I method effect was detected in all but two

m PL'iorn, ,oo M.s I Prohloniion Man 4F.o. Tesf cases (locations 6 and 9). Sporadic inter-
L-o.s.n DPO FACTS OP CT FACTS D h FACTS vs_.. actions of method with other factors were

I it 0s 43o detected, but in general, the data show
o s0 o0 few interactions. A pronounced site effect

00 0, os 4 o 0 was detected in four of the eight locations
23 0: s os s la: ':t ' s that had more than one sampling site.

I 00- 0 s 3 3 1 3 14 Only one location had an analyst effect
G s 006 30 I o IO (location 41; although measurements by

0 0 0'4 .2 - 0"' 1o analyst 2 tended to be higher than those
011 of analyst 1. noeffect of analyst method

*ased on SOdets. of fmdom aliter .diulo for bo wn-rmpi, eneion for ech method was detected for this location, indicating*ODPO-coooro..oir o pfosadura
:',iops.9.c.l that the method differences were com-
to- 00, parable for each analyst. A puzzling

reversal of the relative magnitudes of the
TABLE 3 method means across the two sites was

ANOVA F-volues for experimental factors in the comparison of the DPD detected for location 4 (Table 41. making
and FACTS test procedures the F-test for method meaningless.

rD],.. of A-1i -" Meh.od : Methiod Method - .[, 'r E- s, Another case of interaction (method •
L...on I ,,-, 1o Aai,1 S. M..odj S, A... O.. A -11.. I .. '. '' site for location 7) also resulted in a

0 iS . .s 0 22" . meaningless F-test for method. as did the
21 55 iS 5 . 202 25 0. 021 ! 5A interaction of method - analyst at locations o s wsS ~e aj* io sn i

0s t ,o 3. Thus. three of the eight cases of1121" ! 3.72 4 1" 35 S "1, 001ss ~ ~ a to 2 o ." s 1 o o4 statisticallv significant F-tests for method

S... . werestatistically meaningless because ofi os. .s 7. 38 .03 uwero statialigfcnF-tsomeh
5I 20 is so. s 1 20 interactions, leaving five cases of method
.. 2 ,. I o I 52 Si I o, n differences. Owing to previously dis-

_ _ __ cussed considerations of the power or
• P, 00s sensitivity of this test. however. it was

necessary to evaluate the actual magni-
TABLE4 tude of the mean difference for each

Paired mean differences and 95 percent confidence intervals for the comparison of the DPD location and site.
and FACTS test procedures* Table 4 shows that the absolute value

Ps.i ...... . eo..io ,, of the method differences varted from
tn ss , .,'l I .. , eaoor. 0.01 to 0.23 mg Cl. L. In no case did the

dMa. of C S- Si,. Me on'irtr Conl.d,no upper or lower 95 percent confidence
S . oo FocsS"O FACTSI 1.1- S- D.POoFACtS .00 .- F ZTS, In..... limit on the difference in means exceed

1i 0 i S I 1 6 022 0 14 029i 8 0 013 020 5 o. o 0
2 30 s 0 64 ' -00 -oo -oo o i 52"0 .-0os -. " -003 0.31 mg L in absolute value To illustrate

3 30 005 s S 5 0o 2 , 5 - 2 o i 01 thespreadofthesedifferencesagraphof4 30 O 0 0l
00 0 ."10 -Oo Oh; s0 0 '° 0 0 o 51 5° 5 DPD versus FACTSmean values isshown

31 150 15501 00 505 S00 2 120Z -205 -si o0i 0 22 225 .00-oo 5-00 oos in Figure The 450 line represents noa 05o Dl 03- 0 o14 0o oN o 0 o 20 o 30 1 - o] -o5 oa ,o 6 0 2 I oS i 0o 5 difference in means This graph shows
10200 05' 55 SiO '

to o .0 I ao -to oo, the wide range of sample values in this
0 30 9oo4 00 so. so- o is a0 5 ooi o1i experiment The dispersion of points

*Cofid- b.d ir-osi. q.$1don .- erou or re ANO''A J S, ri h tiS On O .6-0000eddffensa above and below the line indicates no
If -0 .

I 
5000 o-nr f-i ANOVA .. d I, - -t-r of ..0p pars pronounced bias toward either method

Because the original F-test is extremels
TABLES sensitive to departures from this 451 line.

Paired i-test results for the comparison of DPD and FACTS means at earh location h% 511e a further analysis was performed For
each site the individual pairs of mean

'n eft-.., saiues were subtected to a paired i-test
M.. I ,dIi In this case the data for ea-h location

Wiittir r o.he f; Suadond OE- CL-1,. on ftinnod
S"i. , OPO I FACTS 0PD- FACTS Por.. . Wto M.- ta rT I... were reduced to a mean value for each

PrnhlOnooiiln i 55 I AG ao 0 
0 0

4, .06 a 1ti 0 2* method at each site Systematic depar-
eosiohior' ton 10 i I to20 0i t i 0025 0 0 1 ]- I500 "res from the 45 line were then tested

across locations The results in Table
indicate no statistical difference between
the methods at the prechlorination site I p
= 0.271 and marginal difference ip =

level of confidence. In all other cases, the location. no comparison of precision could 0.0421 at the postchlorination site Further
methods had comparable precision, vary- be made the 95 percent confidence limits on the
ing from 2.0 percent to 18.9 percent of the Overall. no systematic effect was ob- difference I DPD - FACTS) for the post-
respectivesitemeans. lnonecase(location served between methods sometimes chlorination site were from near 00 tn
3) the estimate of precision was 0.0 FACTS had smaller relative percent pre. 0 13 mg L. indicating a marinal difference

% because all repeated observations were cision than DPD and sometimes it did not in the method means This analysis sup-
the same for the giver method. For this Eqsuitaee" We uls. The ANOVA F- ports the hypothesis that the departures
DECEMBER '963 W J COOPER ET AL 62'
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of the points from the 45' line in Figure 1
are due to chance sample deviations of
the means rather than to a systematic TABLE6

* . -. difference between methods. Single-analyst precision for the amperometrc titration and FACTS test procedures

[ ...... |""'" Amperomrtlc titratlon and FACTS s,..n-., Pi.....n

SW4fi-alyst paeciea reutts. Estimates I Smnee-Ancini Pnotson A. Pecent .i A. Percet of

of single-analyst precision within each me . Pnchioruaion Men Postchiornahon M-ea I F- T-

location for the comparison of anipern- Lo..i,.ot AMP FACTS A AMP IFACS
metric titration and FACTS are listed in ti 0 005 4: t 34 24 iS

ial 2 00i 02 8 5 6
Table 6. In three cases (locations 12. 14. I no. ass is :

and 151, a difference in precision was to 002 ass is 0 to 00'2:
detected at the 99 percent level of confi- ea 0 015 ,o, i -16 00

dence. At location 12 the FACTS test had - , on e eor. oi trnoom .ier 0dtu.l to fo ioen.aepo..r~aon oa. e 'hod

a single-analyst precision twice that of *Am otr, t,.hn
the amperometric titration. At location 14 :,- 0 0

precision with the FACTS test was four
times higher than that with the ampero-
metric titration The greatest difference TABLE 7
was observed at location 15. with the ANO

t
-A F-values for experimental factors in the comparison of the

single-analyst precision of the FACTS omperometric titration and FACTS test procedures
procedure being five times that of am- o I.. of r i I iai.t i rid - M.hod. Me.d - 5,, 1rEo M.e.

- perometric titration. In all cases the Lo,,ogo Fr-dom Analyst Sat J Melhod St.. Anin. Ste Anoiye' r 'u.r. 0
I

o magnitude of precision was- 10.9 percent .. 5. .0 .. 17 :" . .. . j 022 2 - !9011
ofthemean. and the absolute magnitudes t 00 s I 0 0

33." 154 02. 2i0 00i44a
- . ofsingle-analyst precision wereall <:.15 is 0 n08 232 iSt" 040 003 06 4 50

mg Cl2 L. ts S 1s 4 C ..- -s i
Is M 5 S."C =4.I-! i 0 W .4 580

Equivateney teat reslts. The ANOVA F-
values and estimated error mean squares P

(x 1031 for the comparison of the am-
perometric titration and FACTS test pro- TABLEs
cedures are reported in Table 7. At the Paired mean differences and 95 percent confidence intervals for the comparison
0.05 level of significance. a method effect of the amperometric titration and FACTS test procedures
was detected in all but two cases (loca- I___chlor___ .on S__________ chio_____n S ___

tions 11 and 161. Several interactions of
method with other factors were detected. i Me..n. O [sP. ..ne . M.... sPe....n.

but. in general. the data show few inter- Loction Si. IAMP FACTS AMP 1-ACTSii -ier. St. AMP IFACTS lAMP- FACTS. We-:
actions, a pattern similar to that found n 4, . -In D-2 5 1" 0 -00,0 -0!1 114
the comparison of the DPD and FACTS t2 so t 1 Z2 -0i -020 Ol1

test procedures Of the four locations at . 3 61 1, 0 s _. n .. -0 .. .
which the procedures were tested at two 30 35 isi -03sot io s -a:, I-o- ...

sieefets i1 s il 53 05iS34 0 in as1 0.20
sites. three showed significant site effects. 30 f x sO , noi 4 0. -0 n

In onl y one of these cases was an interac- Amemeie ,

tion of method x site detected (location
13). Table 8 shows that at this location.
there was nearly a fourfold difference in
the method differences between the two
sites. Thus. no clear evaluation of methods ences. a graph of amperometric titration means rather than to a systematic differ.
was possible for this location, versus FACTS mean values is shown in ence between methods.

At locations 15 and 16 variation be- Figure 2. Throughout the range of 0.55 to Amperometric ttration, OPO, and
. tweenanalystsandinteractionsofmethod 2.7 mg CI2 L it appears that the results

" " 'analyst were found. For location 15. the obtained with the FACTS procedure were FACTS

method effect was entirely due to the slightly higher than those obtained by At location 6. measurements were ob-
secondanalyst Table91. Thus. the meth- amperometric titration: i.e.. the points fall tained with the DPD and FACTS test
od effects could not be evaluated. An below the 450 line. The significance of procedures, and, in addition, a single
interaction of methodt analyst was also this observation was tested by using a measurement ofeachsamplewasobtained

found at location 16. In neither case. paired t-test for each individual pair of by using amperometric titration. Single-
however. was thedifference dueto meth- mean values at each site. The results in analyst precision estimates were not
ods significant at the 0.05 significance Table toindicatenostatisticaldifference possible because multiple observations

level, between the methods at the prechlorina- were not conducted for the amperometric
Thus. a method difference was detected tion site p = 0.21? or at the postchlorina- titration method. The ANOVA F-values

for four of six locations. Results at two of lion site (p = 0.12). The 95 percent confi- for the three-way comparison are sum-
these locations have ambiguities related dence limits on the differences for the marized in Table 11. The only effect
either to site or to analyst interactions prechlorination and postchlorination sites detected was a difference in methods The
with method. For neither of the remaining include zero: therefore, no statistically observed means and paired mean differ-
two locations 1locations 12 and 14) at significant difference was detected. As ences are shown in Table 12.

which method effects were clearly ndi- was the case for the comparison of the There was no difference detected be-
cated did the upper or lower 95 percent DPD and FACTS. this analysis supports tween the DPD and FACTS test proce-
confidence bounc on tne difference exceed the hypothesis that the departures of the dures. The amperometrc titration differed
031 ing L in absolute value ITable 8). points from the 450 line in Figure 2 are from both DPD and FACTS test proce-

To illustrate 'he spread of these differ- due to chance sample deviations of the dures at the 0.05 level of significance The
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Ataytad TABLE 9 -e

Aaytadmethod effects at locations
15 and 16 I

I-!., AMP. FACTS IAMP FACTS

.cTABL to~

Paired i-test results for the comparison of amperometric titration and FACTS means
af each location by site V.ic

I 5~~5 Peroa c-ccnaa
* ~M.- Cactd.. c~~n S.a. aic FACTS

odiemm ..%b., ci Sloodood E-c, LoCU.. cI Pcancd - 4 -
* Sian AMP' PACTS1 AMP FACtS1 ., tat~scDtcmo -o, pVl. i 0 1 c a 4

Psnhicrifl~i~oi. 12a2.2 4 a, -002 M 31 0
-~~s a, Am.raaiiarac a, a a' ,I

as _00 s" osI. as.

16 0 aS ns"TABLE 12 I I
Paired mean difference and 95 percent

A confadence antervals for the three-a FIGure 2. Comparason of means for free anail-
comparison of amperometrac tatrataon. able chlorine obtained with FACTS and
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APPENDIX D

Nationwide Approval of Alternate Test

Procedure for Free Chlorine Residual

FACT'S

(Free Available Chlorine Test with Syringaldazine)
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UNITED STATES ENVIRONMENTAL PROTECTION AGENCY
DATE 7 182

suSJECTNationwide Approval o Alternate Test Procedure for Free Chlorine

Residual) 9
FRMVictorar

PR O o K Director
Office of Dr ing Water (WH-550)

Regional Administrators

Listed below is an alternate cest procedure for determining free
chlorine residual by a colorimetric method which I have approved
for nationwide use for "National Interim Primary Drinking Water
Regulation" (NIPDWR) compliance monitoring.

The principle of this method is the oxidation of syringaldazine
(3,5-dimethoxy-4-hydroxy-benzaldazine) by free available chlorine
on a 1:1 molar basis to produce a colored complex which is then
measured at 530 nm. The complete method write-up is provided in
the 15th edition of "Standard Methods for the Examination of Water
and Wastewater", pages 298-301. A report entitled, "Equivalency
Testing of the Free Available Chlorine Test with Syringaldazine,
FACTS" indicates that this method is comparable to the USEPA
approved DPD method for NIPDWR compliance monitoring.

""' :r--.ent Method

Free Chlorine Residual Method 408G -
"Syringaldazine (FACTS) Method"

cc: Robert L. Booth, Acting Director, .EMSL
Regional Water Supply Representatives
Regional Quality Assurance Officers

SEP 1 3 1982

EPA F- 13204 (t.. 3.7)
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